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Introduction
E-cadherin is the main epithelial cell-cell adhesion molecule. Its loss of function or expression is observed during tumor progression and contributes to tumor cell invasion and metastasis (1, 2) . The molecular basis for this epithelial phenotypic "gatekeeper" function of E-cadherin remains unclear. The intracellular domain of E-cadherin interacts directly with ß-catenin and p120 catenin (p120ctn) via distinct conserved binding domains. These interactions are necessary to dynamically regulate cell-cell adhesion via the modulation of events, such as cadherin clustering and connection with the actin cytoskeleton, or by the control of cadherin endocytosis and metabolic stability (reviewed in ref. 3 ). Loss of E-cadherin may induce signaling by catenins released from the cell membrane. Indeed, ß-catenin released from the membrane is either rapidly degraded in the cytoplasm or acts as an oncogenic transcription cofactor under the activation of the Wnt signaling pathway (4). In contrast, the level of p120ctn is not altered in cadherin-deficient cells but the protein mislocalizes to the cytoplasm and/or the nucleus (5, 6) . Abnormal localization of p120ctn in breast or colon carcinomas is prognostic for aggressive diseases (7, 8) . In the cytoplasm, p120ctn has key roles in modulating Rho-GTPases and thereby cytoskeletal and cell cycle functions (9) . In the nucleus, p120ctn can interact with the transcription factor Kaiso and relieves its gene repression activity (10, 11) . Mechanisms underlying the trafficking of p120ctn to and from these various locations have not been elucidated. However, the recently described binding of p120ctn to kinesin and microtubules would affect both the targeting and the activity of p120ctn (12) (13) (14) . Consistent with its interphasic microtubule localization, endogenous p120ctn was also found localized to the centrosomes and the mitotic spindle during mitosis in MDA-MB-231 breast adenocarcinoma cells (13) . This peculiar localization suggests an implication of this catenin in cell cycle regulation.
The interaction of transiently expressed cyclins with cyclin-dependent kinases (cdk) permits cell cycle progression. It has been shown that cyclin E is involved in both S-phase entry and centrosome duplication. Cyclin E interacts with cdk2 and the resulting complex phosphorylates several targets including nucleophosmin, the phosphorylated form of which is required for centrosome duplication (15) . Cyclin E overexpression in human cancer cells increases the frequency of centrosome hyperamplification. This thereby favors chromosome instability (CIN) and hence emphasizes the importance of understanding the regulatory mechanism that governs faithful centrosome duplication in cells (16) .
In the present study, we used the HT-29 human colon carcinoma cell line to examine the expression and function of p120ctn when the balance between E-cadherin and p120ctn was modified. We show that mislocalized p120ctn can interact with the cdk2/cyclin E complex within the centrosome leading to the stabilization of cyclin E levels. This effect correlated with the inhibition of DNA replication, a delayed S phase, hyperamplification of centrosomes, and, finally, polyploidy. Altogether, our observations reveal a new functional interaction and mechanism by which p120ctn may participate in tumor initiation and/or progression of colorectal carcinoma.
Material and Methods
Cell culture. The human colon adenocarcinoma HT-29 cell line was cultured at 37°C in a 5% CO 2 atmosphere in DMEM containing 25 mmol/L glucose (Invitrogen/Life Technologies) and supplemented with 10% FCS, penicillin, and streptomycin.
Antibodies and reagents. Monoclonal antibody (mAb) against p120ctn (clone 98) and green fluorescent protein (GFP) were purchased from BD Biosciences/Transduction Laboratories. Anti-actin polyclonal antibodies, anti-bromodeoxyuridine (BrdUrd; clone BU-33), ß-tubulin (clone 2.1), and -tubulin (clone GTU-88) mAbs were obtained from Sigma-Aldrich. Antihuman E-cadherin (clone HECD1) mAb was obtained from Takara Biochemicals (Cambrex Bioscience). Polyclonal antibody directed against Aurora A kinase was purchased from Calbiochem (VWR International), and monoclonal anti-human cyclin E (clone HE12) was from Upstate Biotechnology (Chemicon International). Polyclonal anti-cdk2 antibody was purchased from BD Biosciences/PharMingen and polyclonal antibody recognizing nucleophosmin phosphorylated on Thr 199 was from Cell Signaling (Ozyme). Alexa-conjugated goat anti-mouse secondary antibody was obtained from Molecular Probes. Horseradish peroxidase-conjugated goat anti-mouse (1:3,000) was from Bio-Rad, and donkey anti-rabbit (1:20,000) and control IgG2A antibodies were from Jackson ImmunoResearch (Immunotech). Mouse and rabbit TrueBlot antibodies used as secondary antibodies (1:1,000) in immunoprecipitation experiments were from eBioscience (Cliniscience). Nocodazole and aphidicolin were purchased from Sigma-Aldrich. MG132 was from Calbiochem.
Western blot analysis. Cells were lysed and extracts were processed as described previously (17) . Primary antibodies dilutions were 1:1,000 for p120ctn, GFP, cdk2, E-cadherin, cyclin E, and nucleophosmin and 1:250 for Aurora A and actin.
Plasmids and cell transfections. The p120-3A cDNA (gift of Prof. Albert B. Reynolds, Vanderbilt University, Nashville, TN) was extracted from PRc/RSV p120-3A plasmid by EcoRI and KpnI digestions and subcloned in pEGFP-C3 plasmid (BD Biosciences). GFPp120-3A cDNA and control GFP cDNA were amplified by PCR from pEGFP-C3 constructs and cloned into pEF6/V5/His-TOPO plasmid (Invitrogen). HT-29 cells were transfected with 1 µg of plasmid DNA using LipofectAMINE 2000 (Invitrogen) according to the manufacturer's instructions and seeded at one cell per well in a 96-well plates before selection with 5 µg/mL blasticidin. In this study, the HT-29 GFP-p120ctn cells represent the average of two independent clones.
Immunofluorescence microscopy. Cells grown on glass coverslips were treated as described previously (17) . Antibody dilutions were 1:200 for anti-ß-tubulin, 1:500 for anti--tubulin, and 1:100 for anti-cyclin E, anti-cdk2, and anti-nucleophosmin, and 1:1,000 for secondary antibodies (see Supplementary Materials and Methods).
Immunoprecipitations. Cells were lysed in 10 mmol/L PIPES (pH 6.8), 100 mmol/L NaCl, 300 mmol/L sucrose, 3 mmol/L MgCl 2 , 0.5% NP40, and protease inhibitor cocktail for 10 min on ice. Extracts were immunoprecipitated using anti-cdk2 antibody and processed as described previously (ref. Caspase activity test. Cells (1.6 x 10 3 ) were seeded in each well of a 96-well plate and cell death was analyzed after the indicated times using Apo-One homogeneous Caspase-3/7 assay (Promega) according to the manufacturer's instructions. Fluorescence emission was quantified using a Fluoroskan Ascent (Thermo Fischer Scientific). All experiments were done in triplicates.
BrdUrd incorporation and staining. Cells were exposed to BrdUrd (5 µmol/L) for 15 min at 37°C before trypsinization. After centrifugation, the cell pellet was resuspended in 100 µL glucose-1 g/L in PBS, brought to 10 6 /mL with 70% ethanol, and fixed for 30 min at 4°C. After centrifugation (1,000 x g, 10 min), cells were resuspended in 1 mL PBS-glucose and allowed to rehydrate 4 h at 4°C and HCl 4N (1:1) was added for 15 min at room temperature. After centrifugation (1,000 x g, 10 min), cells were washed successively in 2 mL PBS containing 0.1 mol/L sodium tetraborate, 0.5% Tween 20, and 0.5% bovine serum albumin (BSA), and in 2 mL PBS-BSA-Tween (PBT). The pellet was incubated with anti-BrdUrd antibody (1:10) for 30 min at room temperature and then with Alexa Fluor 546-coupled antibody (1:500) for 30 min at room temperature. After washes with PBT, cells were analyzed by flow cytometry (Facstar, BD Biosciences).
Cell cycle analysis. Cells (2 x 10 6 ) were fixed in 1 mL of cold absolute ethanol for 30 min at room temperature and left overnight in ethanol at 4°C. After centrifugation, pellet was resuspended for 20 min at 37°C in 1 mL propidium iodide staining solution (50 µg/mL propidium iodide, 0.1% NP40, and 0.1 mg/mL RNase A in PBS) and stored at 4°C. Cells were then centrifuged (260 x g, 5 min) and resuspended in PBS before flow cytometry analysis (Facstar, BD Biosciences).
Centrosome preparation. Cell centrosomal fractions were purified from 10 8 cells pretreated 16 h with 50 ng/mL nocodazole using a sucrose gradient according to the original protocol developed by Bornens and Moudjou (18) . Fractions (500 µL) were collected from the bottom and numbered from 1 to 13; the remaining solution was collected as fraction 14.
Statistical analyses. All experiments were done at least thrice and Student's t test was used for statistical analysis. Values are expressed as mean ± SE and were considered statistically significant with P < 0.05.
Results
Cytoplasmic localization of p120ctn after overexpression in HT-29 cells. Although having no significant effect on p120ctn levels, cadherin deficiency does release p120ctn into the cytoplasm and/or the nucleus where it is thought to promote cell migration, invasion, and metastasis (19) . To investigate the cellular roles aside for cell adhesion of p120ctn, we modified the E-cadherin/p120ctn balance by overexpressing p120ctn in a HT-29 human colon adenocarcinoma cell line.
HT-29 cells were stably transfected with the isoform 3A of p120ctn fused to GFP. We next determined the expression level of the construct by Western blotting (Fig. 1A ) . In addition to the endogenous p120ctn (band 120 kDa), the anti-p120ctn antibody revealed an additional band of 140 kDa in the GFP-p120ctn-transfected HT-29 cells, corresponding to the expected size of the fusion protein (Fig. 1A, top) . Although transfection only resulted in a weak increase in the expression of p120ctn, GFP detection indicated that the GFP-p120ctn construction was not degraded (Fig. 1A, bottom) . Previous studies have described that p120ctn overexpression can stabilize cadherins at the plasma membrane, thereby increasing their expression (5) . Surprisingly, E-cadherin expression levels showed no difference between control, GFP, and GFP-p120ctn HT-29 cells. These results were further confirmed by fluorescence-activated cell sorting (FACS) analysis (data not shown). Analysis of GFP fluorescence by confocal microscopy indicated that whereas GFP protein was evenly distributed in the nucleus and cytoplasm in HT-29 GFP cells, GFP-p120ctn protein was preferentially localized at the plasma membrane with enhanced signals at cell-cell contacts and in the cytoplasm of HT-29 GFP-p120ctn cells (Fig. 1B) . A low level of fluorescence was detected in the nucleus. We further confirmed the increased cytoplasmic distribution of both endogenous and exogenous p120ctn in HT-29 GFP-p120 cells by Western blotting after cell fractionation (Fig. 1C) .
These results suggest that in HT-29 cells, a moderate overexpression of p120ctn is sufficient to induce cadherin saturation without altering their expression and favors an increase in the cytoplasmic pool of p120ctn.
Overexpression of p120ctn slows down the progression of HT-29 cells through the cell cycle. One cellular function that can be regulated by cell adhesion molecules is progression through the cell cycle (20) . In the course of our experiments, we observed a growth delay in HT-29 GFP-p120ctn cells compared with HT-29 GFP cells. Whereas HT-29 GFP cells typically reached confluency 120 h after plating and formed a cell monolayer, GFP-p120ctn cells remained sparsely clustered without reaching full confluency ( Fig. 2A ) . To quantify this growth delay, we seeded an equal number of HT-29 GFP or HT-29 GFP-p120ctn cells and established growth curves by counting live cells every 24 h (Fig. 2B) . During the first 48 h of culture, the number of living cells increased slowly in HT-29 GFP cells, with no change in HT-29 GFP-p120ctn cells. After this lag period, the number of living cells increased in both populations although at a slower rate in HT-29 GFP-p120ctn cells. Indeed, at 96 h, we observed 43% less living HT-29 GFP-p120ctn cells compared with HT-29 GFP cells. These data suggest a delayed progression in the cell cycle. To investigate the effects of p120ctn overexpression on DNA replication, we did flow cytometry analysis of cells subjected to a short pulse of BrdUrd incorporation. Compared with control cells (HT-29 GFP), HT-29 GFPp120ctn showed significantly decreased BrdUrd incorporation into their nuclei (>33% less), indicating a reduced rate of DNA replication, perhaps partly accounting for their delayed growth (Fig. 2C) . Impaired DNA replication slows down S-phase progression. We therefore investigated the effects of p120ctn overexpression on cell cycle progression (Fig. 2D) . HT-29 GFP and GFP-p120ctn cells were synchronized at G 1 -S transition by aphidicolin treatment and then released by replacing the medium with complete medium supplemented with fresh serum. Flow cytometry analysis showed that HT-29 GFP cells progressed correctly through the cell cycle: the DNA content was totally duplicated when cells reached G 2 -M 8 to 10 h after the release (75% of cells were in G 2 -M) and a complete cycle was observed after 24 h (Fig.  2D, left) . In contrast, HT-29 GFP-p120ctn cells remained arrested in G 1 -S up to 8 h after aphidicolin release (90% of cells in G 1 -S; Fig. 2D, right) . Subsequently, these cells progressed into S phase but only 16% reached G 2 -M within 24 h.
Taken together, these data indicate that stable overexpression of p120ctn in HT-29 cells induces an overall reduction in cell growth via a negative regulation on cell cycle progression.
Cyclin E is up-regulated in p120ctn-overexpressing cells. Cyclins and their catalytic subunits, the cdks, control cell cycle progression by regulating events that drive the transition between cell cycle phases. Among these, the cdk2/cyclin E complex is involved in G 1 -S transition and DNA replication (21, 22) . The delayed transition observed in HT-29 GFPp120ctn cells prompted us to examine cyclin E levels and subcellular distributions throughout cell cycle progression ( Fig. 3A and B ) . Western blotting analyses of cyclin E showed dynamic changes according to the cell cycle phases in HT-29 GFP cells: high cyclin E levels in G 1 -S phase-synchronized cells (0 h) were followed by a sharp decrease after entry into the S and G 2 -M phases (2-10 h; Fig. 3A, HT-29 GFP) . Subsequently, the cyclin concentration increased again, reaching a new steady state following reentry into the G 1 phase. In contrast, we observed no such dynamism in HT-29 GFP-p120ctn cells, with a high level of cyclin E maintained in these cells during the first 18 h after aphidicolin release, consistent with the observed persisting G 1 -S phase in these cells (Fig. 3A, HT-29 GFP-p120ctn ). This plateau was followed by a slow decrease in the cyclin E content after S-phase entry (18-24 h). At the same time, the levels of cdk2 and p120ctn remained constant during the cell cycle (Fig. 3A) . Confocal microscopy indicated that in asynchronous HT-29 GFP and HT-29 GFP-p120ctn cells, a low amount of cyclin E was localized into cytoplasmic patches and the nucleus (Fig.  3B) . After synchronization by aphidicolin, both cell lines displayed a strong nuclear staining for cyclin E. Following entry into the S phase and during the G 2 -M phase (6-16 h), the labeling of cyclin E became weaker and diffuse in the cytoplasm of HT-29 GFP cells (corresponding to proteolytic degradation of the protein as shown previously by Western blotting). Vesicular cytoplasmic staining of cyclin E reappeared at 24 h when cells entered into a new cell cycle (Fig. 3B, top) . In HT-29 GFP-p120ctn cells, a weak nuclear staining was maintained up to 24 h (Fig. 3B, bottom) , in agreement with a stabilization of the protein level (Fig. 3A) and the persistence of cells in the G 1 -S phase (Fig. 2D) . The level of cyclin E is strictly regulated throughout the cell cycle by transcriptional and proteolytic mechanisms. It is an unstable protein that is rapidly degraded by two different ubiquitin-dependent proteolysis pathways (23) . Indeed, inhibition of the 26S proteasome with MG132 8 h after aphidicolin release resulted in the accumulation of cyclin E protein similar to that observed within HT-29 GFP-p120ctn cells. This suggests that the steady-state level of cyclin E in cells overexpressing p120ctn results from limited degradation of cyclin E (Fig. 3C) . Post-translational regulation was confirmed by reverse transcription-PCR experiments indicating similar cyclin E/glyceraldehyde-3-phosphate dehydrogenase mRNA ratios in both cell types (data not shown).
Taken together, these observations strongly suggest that p120ctn overexpression results in impaired proteasome degradation and maintenance within the nucleus, which in turn causes cyclin E level persistence and S-phase lengthening.
Cyclin E and p120ctn accumulate at centrosomes in HT-29 GFP-p120ctn cells. Recently, cyclin E-dependent kinases have been implicated in the control of centrosome duplication, a process associated with their recruitment to this organelle (24) . Interestingly, an increase in the cytoplasmic pool of p120ctn, for instance in tumor cells, causes a localization of p120ctn at centrosomes (13, 14) . This localization of p120ctn at centrosomes was suggested in our model by confocal microscopy on mitotic cells (Fig. 4A ) . Double immunofluorescence analysis of GFP-p120ctn and ß-tubulin showed the colocalization of both molecules at the mitotic furrow and centrosomes. Centrosomes from HT-29 GFP and GFP-p120ctn cells were then isolated by centrifugation on sucrose gradient as described previously (18) . Indeed, immunoblot analysis of this fractionated gradient revealed the presence of p120ctn in fractions reported previously as containing centrosomes that sedimented together with the centrosomal marker Aurora A (Fig. 4B) . We then compared the distribution of various endogenous proteins in centrosomal and membrane-enriched fractions prepared from HT-29 GFP and HT-29 GFP-p120ctn cells (Fig. 4C) . We detected endogenous cyclin E, cdk2, and p120ctn in the centrosomal fractions isolated from HT-29 GFP cells. Moreover, p120ctn overexpression resulted in increased amounts of cyclin E and cdk2 in these fractions when compared with levels of Aurora A (Fig.  4C, right) . Finally, we detected E-cadherin and actin only in the membrane-enriched fractions, indicating that little or no contamination occurred with membranous or cytoplasmic proteins in our centrosome preparation. Altogether, our data confirm that p120ctn localizes to centrosomes and suggest the implication of this catenin in cyclin E and cdk2 regulation at this peculiar location.
The cyclin E/cdk2 complex is associated with p120ctn in centrosomes. From our results, we hypothesized that the increased levels of cyclin E and cdk2 in the centrosome could arise from their association with p120ctn. A RXL motif is required for stable binding of cyclin E/cdk2 complexes to substrates (25, 26) . Sequence analysis of p120ctn revealed the presence of six putative RXL motifs in the protein structure. Confocal analysis showed that GFPp120ctn colocalized with cyclin E and cdk2 in structures corresponding to centrosomes during mitosis (Fig. 5A ) . To further determine whether p120ctn binds cyclin E/cdk2 complexes during mitosis, we immunoprecipitated cdk2 from synchronized HT-29 GFP and GFPp120ctn cells and assayed its association with cyclin E and p120ctn by immunoblotting (Fig.  5B) . We observed the presence of cyclin E/cdk2/p120ctn complexes in both cell types. As expected, normalized to the amount of immunoprecipitated cdk2, the association of p120ctn and cyclin E with cdk2 was respectively 6.5-and 2.5-fold greater in HT-29 GFP-p120ctn cells than in control. One of the main targets of cdk2/cyclin E at centrosomes is nucleophosmin, a protein allowing centrosome duplication following phosphorylation on Thr 199 . Staining of HT-29 GFP-p120ctn cells with an antibody recognizing phosphorylated nucleophosmin (Thr 199 ) indicated the presence of the phosphorylated protein in the cytoplasm and the centrosome of dividing cells (Fig. 5C ). We then detected levels of phosphorylated nucleophosmin in centrosomal and total fractions of HT-29 GFP or GFP-p120ctn cells by Western blotting (Fig.  5D ). We found more phosphorylated nucleophosmin in HT-29 GFP-p120ctn than in control cells, suggesting a functional association between the increased recruitment of the cdk2/cyclin E complex and its increased phosphorylation activity within the centrosomes.
p120ctn-mediated deregulation of cyclin E is associated with centrosome amplification and genomic instability. Because various reports have indicated a common association between up-regulated cyclin E and such centrosome defects and genetic instability (16), p120ctn stabilization of cyclin E might also alter centrosome duplication. To address this question, we immunomarked centrosomes with anti--tubulin and compared centrosome profiles of HT-29 GFP versus HT-29 GFP-p120ctn cells under a confocal microscope. Whereas almost all dividing HT-29 GFP cells contained two centrosomes, we reproducibly detected centrosome amplifications in HT-29 GFP-p120ctn cells (Fig. 6A ). We found a low frequency of centrosome amplification in wild-type (WT) HT-29 cells (<2%), which showed a poorly significant increase in HT-29 GFP cells (<4%). Conversely, >12% of HT-29 GFPp120ctn cells showed a pronounced amplification of centrosomes (Fig. 6B, left) . Statistical analysis indicated that these cells displayed three to eight centrosomes with a peak of the histogram distribution at four centrosomes per cell (56%; Fig. 6B, right) . Observation by phase-contrast microscopy showed an increased number of multinucleated cells in HT-29 GFP-p120ctn (Fig. 6C ), indicating that p120ctn-mediated cyclin E overexpression was translated into dysfunctioning mitosis and genetic instability. According to the time of culture, we noticed a decline in the percentage of these cells, in correlation with an increase in caspase-3 activity (Fig. 6D ). These observations suggest the involvement of an apoptotic pathway in the elimination of these multinucleated cells in vitro. Therefore, p120ctn overexpression induces centrosome amplification and polynucleation, events both depending on impaired cyclin E proteolysis.
Discussion
E-cadherin expression is frequently down-regulated in many tumors, thus leading to the accumulation of cytoplasmic and/or nuclear catenins. Recently, Nong et al. described that overexpression of p120ctn in hepatoma cells can recruit ß-catenin to the membrane and the cytoplasm while inhibiting cell proliferation by down-regulating survivin and cyclin D1 expression (27) . Wildenberg et al. (28) showed that the lack of p120ctn in NIH3T3 allows these cells to proliferate in the absence of serum and reveals the involvement of p120ctn in the regulation of cell contact inhibition. Moreover, the conditional knockdown of p120ctn in mouse epidermis leads to hyperplasia through nuclear factor-B activation (29) . The generation of stable cell lines overexpressing p120ctn allowed us to modify the Ecadherin/p120ctn balance, thus leading to mislocalization of p120ctn and the unexpected revelation of its role in cell cycle progression. Stabilization of cyclin E leads to its overexpression and accumulation in centrosomes, together with p120ctn and cdk2, forming a functional ternary complex. These data are consistent with a previous report describing p120ctn targeting in centrosomes of breast tumor cells (13) . However, the underlying mechanism remains unclear. Park et al. (26) showed that ß-catenin could interact directly with cdk2 via RXL motifs present in armadillo repeat domains. In silico analysis of p120ctn sequence revealed that it contains six RXL motifs (data not shown) that may be involved in a p120ctn/cdk2 interaction.
Cyclin E plays an essential role in fundamental biological processes, such as cell cycle control, DNA replication, apoptosis, and DNA repair (30) . Therefore, its expression must be finely regulated throughout the cell cycle (31). We found an impaired cyclin E downregulation and accumulation in centrosomes in cells overexpressing p120ctn, suggesting that the p120ctn offers protection from proteasome degradation. In Chinese hamster ovary cells, the expression of the anchoring protein CG-NAP/D localizing in centrosomes throughout the cell cycle causes centrosome amplification by recruiting an abnormally high level of cyclin E/cdk2 complexes (32) . In these cells, we found that endogenous p120ctn also colocalizes with centrosomes (data not shown). Similarly to CG-NAP/D, p120ctn may recruit cyclin E/cdk2 complexes to centrosomes or alternatively modify the association of cyclin E with cdk inhibitors, a process described previously as strictly regulating cyclin E/cdk2 activity (22) .
Whereas cyclin E overexpression is known to accelerate G 1 -S transition in different cell lines (33, 34) , we observed a delay in S-phase progression associated with the reduced proliferation of HT-29 cells overexpressing p120ctn, in accordance with other reports (33) (34) (35) (36) . This paradox can be explained by the role(s) played by cdks in regulating DNA replication (37) . Indeed, high cyclin E/cdk2 activity was found to interfere with the assembly of prereplication complexes leading to defects in replication initiation and possibly fork movement, thereby slowing down the S phase (36).
Overduplication of centrosomes can occur during prolonged S phases, when DNA replication is impaired and in primary tumors or cancer cell lines (38, 39) . In many cases, a strong link between centrosome amplification and cyclin E overexpression has been described (32, 40) . Our data reveal an increased number of centrosomes in cells overexpressing p120ctn. Nucleophosmin/B23, a chaperonin abundantly found in the nucleolus, has been identified as the primary target of cdk2/cyclin E in the initiation of centrosome duplication (15, 41) . We noticed an increase in nucleophosmin phosphorylation on Thr 199 , strongly suggesting that the p120ctn-mediated cdk2/cyclin E complex is active in centrosomes and may be directly responsible for centrosome amplification. p120ctn-mediated elevated levels of cyclin E could affect processes involved in the faithful duplication and segregation of chromosomes and may generate CIN, as described by Lengauer (42) . This hypothesis fits with the significant levels of aneuploidy observed in both fibroblasts and epithelial cells on cyclin E ectopic expression (35) . Interestingly, as for tumoral cells, overexpression of p120ctn in normal rat intestinal cells leads to reduced proliferation and an increased cyclin E expression, which accumulates together with p120ctn in centrosomes. These findings correlate with the apparition of p120ctn-positive polyploid cells (Supplementary Data S1). It thus seems that changes in protein stability might be the major reason for cyclin E-dependent effects of p120ctn overexpression in our biological system (normal and tumoral cells). This may also explain the CIN observed in many human colorectal cancers (43) . Indeed, cyclin E has been found overexpressed in several solid tumors (reviewed in ref. 44 ), proving to be a prognostic marker for poor outcome in breast cancer and associated with increased tumor progression (45) . Our observations suggest that the frequency of p120ctn-mediated polyploidy in normal cells may represent an early phenomenon that could contribute to tumor initiation. Ex vivo, HT-29 cells expressing these supernumerary centrosomes represented only 10% to 15% of the total population. However, this population remained constant, reflecting equilibrium between new cells acquiring this phenotype and aged cells that die (after 140 h of culture, 15% of cells died by a caspase-dependent process). In vivo, the situation is quite different because the number of cells presenting an abnormal duplication of chromosomes increases with tumor progression (46) . Recent reports support a significant relationship between deregulation of cyclin E protein levels and the development of human cancers (47) . It would be interesting to analyze the expression and distribution of p120ctn in these tumors to determine whether this catenin is the primary cause of cyclin E up-regulation. A study done in the breast cancer cell line MDA-MB-468 indicated a link between cyclin E and adhesive properties shown by changes in adhesion associated gene expression (48) . Surprisingly, although cyclin E overexpression is associated with an aggressive phenotype, it significantly decreased the invasive potential of MDA-MB-468 cells compared with control clones in this study. Interaction of p120ctn with cyclin E/cdk2 complex may modulate the capacity of catenin to regulate Rho-GTPase activity, responsible for cytoskeletal reorganization and therefore impaired migration. A recent study by Bellovin et al. (8) done on 557 tumors showed a sustained p120ctn expression in the majority of colorectal carcinomas and a cytoplasmic localization as a statistically significant indicator of advanced disease. Interestingly, relatively few tumors exhibited a loss of p120ctn expression (5.4%).
Mechanistically, p120ctn seems to contribute to invasiveness and tumor progression in various independent ways via (a) p120ctn association-dependent regulation of mesenchymal cadherin levels (49); (b) p120ctn-mediated regulation of Rho-GTPases (9); and (c) p120ctn-dependent release of kaiso-mediated repression of gene expression (50) . Altogether, our results provide new arguments for the importance of p120ctn in cancer progression: on the one hand, its centrosomal distribution could contribute to aberrant centrosome duplication and cell cycle progression, both leading to genomic instability, and, on the other hand, its cytoplasmic localization could increase invasiveness and migration. Because these modifications are often observed in cancer, p120ctn may represent a new therapeutic target for future therapy. were transfected with pEF6-GFP (GFP) or pEF6-GFP-p120ctn (GFP-p120ctn). Expression levels of p120ctn, GFP, and E-cadherin were analyzed by Western blotting of whole-cell lysates. Actin blotting was used as a loading control. B, GFP or GFP-p120ctn HT-29 cells cultured for 48 h on coverslips were fixed in 3% paraformaldehyde before confocal microscopy analysis. Bar, 50 µm. C, total GFP or GFP-p120ctn cell lysates were separated into cytoplasmic (C) and membrane-associated (M) fractions and detection of endogenous and exogenous p120ctn was achieved by Western blotting. . Cyclin E protein is stabilized by p120ctn overexpression. A, top, asynchronized HT-29 GFP or HT-29 GFP-p120ctn cells or cells synchronized at G 1 -S transition with aphidicolin blockade and released in fresh medium for indicated times were lyzed. Total lysates were analyzed for cyclin E, cdk2, p120ctn, and actin expression by Western blotting. Bottom, histograms represent the densitometric ratio of cyclin E to actin levels. Columns, mean of three independent experiments; bars, SE. B, in parallel, the cells were immunostained for cyclin E and analyzed by confocal microscopy. Bar, 50 µm. C, G 2 -M-enriched GFP cells were treated or not with the indicated concentrations of proteasome inhibitor MG132. Total cell lysates were then analyzed for cyclin E and cdk2 expression by Western blotting. Actin staining was used as a loading control. . Antibodies against p120ctn and Aurora A were used for Western blotting analyses of each collected fraction. C, left, centrosome-and cell membrane-enriched fractions obtained from the previously described discontinuous sucrose gradient were analyzed by Western blotting using antibodies against p120ctn, cyclin E, cdk2, Aurora A, E-cadherin, and actin. Right, histograms represent the densitometric ratio of p120ctn, cyclin E, and cdk2 to Aurora A levels in centrosomal fractions. Columns, mean of three independent experiments; bars, SE. . p120ctn interacts with the cdk2/cyclin E complex. HT-29 GFP-p120ctn cells were grown for 48 h on coverslips, fixed with 3% paraformaldehyde, and immunostained for cyclin E and cdk2 (A) or phosphorylated nucleophosmin (P-nucleophosmin; C) before confocal microscopic analysis. DNA was stained blue with DAPI. Bar, 10 µm. B, left, HT-29 GFP or GFP-p120ctn cells were synchronized at G 1 -S transition with aphidicolin and released in fresh medium for 6 h. cdk2 was immunoprecipitated (IP) from total cell lysates and levels of p120ctn, cyclin E, and cdk2 were detected by Western blotting. Right, histograms represent the densitometric ratio of cyclin E and p120ctn to immunoprecipitated cdk2 levels. This experiment was reproduced at least thrice. D, centrosomeenriched and total fractions from HT-29 GFP and GFP-p120ctn cells were analyzed by Western blotting using antibodies against nucleophosmin phosphorylated on Thr 199 (top). Coomassie blue staining of the transferred membrane was used as a loading control (bottom). 
